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T h e a ro m a tiz a tio n o f a paraffin proceeds th ro u g h th e fo rm a tio n o f a m ono-olefine w hich is h eld on th e c a ta ly s t b y tw o -p o in t c o n ta c t. T h e p ro m o te r ac tio n o f th e c e n tra l a to m s in h e tero p o ly acids o f m o ly b d e n u m c a n be a ttr ib u te d to th e sta b iliz a tio n o f th e m o ly b d e n u m d io x id e p ro d u ce d d u rin g th e h y d ro g en p re tre a tm e n t. T he a lu m in a u sed as a su p p o rt fo r m o ly b d e n u m c a ta ly sts p la y s th e sa m e role. I n th e re d u c tio n o f p h en o l to benzene b y th e h e te ro p o ly acids o f m o ly b d e n u m th e m e ta l is th e c a ta ly st.
T h e v a ria tio n of yield of th e to ta l a ro m a tic h y d ro c a rb o n w ith d ifferen t paraffin feeds c a n be ca lc u la te d b y assum in g tw o p o in t c o n ta c t.
A yellow com p o u n d (fulvene or a p o ly m e r o f fu lv en e) is for g iv en c o n d itio n s p ro d u ce d in a c o n s ta n t ra tio to th e a ro m a tic h y d ro ca rb o n .
T he loss o f a c tiv ity of th e c a ta ly s t w ith u se is a re su lt o f th e p o ly m e riza tio n to g ia n t m olecules o f th e h y d ro c a rb o n s ad so rb ed on a d ja c e n t c a ta ly s t cen tres. T his d ec ay r a te m a y be dim in ish ed b y d ecreasin g th e co n c e n tra tio n o f a c tiv e ce n tres on th e surface.
I t is well known th at on the passage of paraffins with chains of more than six carbon atoms, or the corresponding mono-olefines over suitable catalysts, aromatic hydrocarbons are formed. The thermodynamics of these reactions have been reviewed by Taylor & Turkevich (1939) . It has also been shown that certain oxides are the most effective catalysts, and from the work of Pitkethly & Steiner (1939) it was concluded th at a mono-olefine was the necessary intermediary in the reaction where paraffins were concerned. The mechanism of the formation of the olefine and of any necessary migra tion of the double bond along the chain prior to ring closure has been shown to proceed through the half-hydrogenated state by Twigg & Rideal (1939 , 1940 .
Whilst we now have some idea as to the mode of attachm ent of the hydrocarbon to metals, little is known about the oxide catalysts which operate so successfully in this process of ring closure. Again the fact th at the yield and nature of. the cyclic hydrocarbons produced varies with the nature of the initial aliphatic material, as revealed by the exhaustive analyses of Hoog, Verheus & Zuiderweg (1939) , merits some inquiry. Finally, it is observed that this reaction is always accompanied by the phenomenon of r 434 ] catalyst decay. I t has been shown th at this is due to poisoning and th a t the poison which can be burnt off to regenerate the catalyst contains both carbon and hydrogen (Obland, Marschner & Heard 1940) . I t appears to be formed during the reaction, and it has been found possible to examine the kinetics of the poisoning process and make certain inferences as to the mechanics of the reaction.
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The activity of catalysts for cyclization
The catalysts were employed in the form of granules ca. 5 mm. in diameter and were reduced in hydrogen for 6 hr. at 475° C before use. The operating temperature was maintained at 475° C and a 50:50 mixture of w-heptane and n-heptene was used as starting material. The liquid was passed into the reaction vessel by means of an electrolytic doser, the gases liberated by electrolysis forcing the liquid at a steady rate through a fine capillary. Provision was made for the employment of hydrogen or nitrogen as carrier gas. The contact time during the experiment was 12 sec. The toluene content of the treated material was determined from measurements of the refractive index corrected where necessary for change in olefine content which was measured by the Mcllhiney Bromine Number method. In table 1 are given the initial activities ( T0 ) for a series of catalysts as disclosed by th centage conversion of the reactants to toluene. 
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It will be observed th at in addition to chromium oxide a number of other catalysts possess high activities. Molybdenum oxide deposited on alumina is relatively active but the two components are themselves inactive. Alumina must thus serve other purposes than as a mere support: I t serves a dual purpose, both as a support for the active aromatizing molybdenum oxide catalyst and to form an alumino-molybdate compound in which the oxide is not readily reduced below the state of Mo0 2 to inert metal. This view is supported by the following experiments in which molybdic oxide prepared from ammonium molybdate was reduced in hydrogen and was compared with the reduction of ammonium alumino-molybdate. The rate of loss in weight of the two samples is given in table 2. Whilst ammonium molybdate is readily reduced beyond the stage of Mo0 2, th a t containing aluminium is but slowly reduced to metallic molybdenum. This reduction to the metal must occur on the surface of the ammonium molybdate catalyst even at 475° C, but is very considerably retarded in the complex.
Ammonium thorio-molybdate (an active catalyst) shows a similar behaviour to the alumino complex, while ammonium cupro-molybdate (catalytically inactive for cyclization) is readily reduced at 475° C to pyrophoric molybdenum metal.
Similar conclusions can be drawn from some recent work by Kazonsky and other workers (1940a, 19406) in which vanadium oxides supported on alumina are found to be active in contrast to the inactivity of the un supported oxides. In this case the active catalyst is probably V20 3, for both V20 3 and Mo0 2 have two unpaired electrons per metal atom when compared with the fully saturated oxides V20 5 and Mo0 3. In this connexion it is signi ficant to note th a t the reduction in hydrogen of V20 3 to a lower oxide has been observed at a temperature of ca. 500° C (Cameron 1938).
Since chromium and molybdenum occupy the same group in the periodic table, we may infer by analogy th at the active chromium oxide catalyst should be Cr0 2. H ydrated chromium sesquioxide is readily oxidized to a higher oxide (see for example Cameron, Harbard & King 1939) . Turkevich, Fehrer & Taylor (1941) have reported the prepara tion of chromium oxide catalysts of high activity by the partial reduction of chromic acid. Mixing a solution of chromic acid and chromium hydroxide gives a higher oxide than Cr20 3 (Dunnicliff & Kotwani 1931; Bhatnagar, Cameron, Harbard, Kapur, King & Prakash 1939) .
There is much evidence (see p. 260) th at the olefines are held by two-point contact. The adsorption on Mo0 2 may take place as in figure 1 .
Taking the values Mo-C = 2-08 A as determined from the hexacarbonyl by Brockway, Ewens & Lister (1938) and the distance C-O as identical with th at in the ethers, viz. 1-44 A according to the measurements of Sutton & Brockway (1935) , then assuming the tetrahedral angle a = 109° 28' we obtain the values Mo-Mo = 2-90 A, whilst X-ray measurements give Mo-Mo = 2-79 A, and = 3*71 A.
Thus two-point adsorption of an ethylene linkage can occur on the Mo ions in Mo0 2 and the heteropoly acids, since X-ray examination by Kingman (1937) revealed the fact th at the Mo0 2 structure was produced when hetero poly acids containing molybdenum were reduced in hydrogen.
In the active catalysts two unpaired electrons are present in the metallic ion and mere geometric fit is not a sufficient condition for catalytic activity. The spacings in molybdenum itself are Mo-Mo = 314 and 2*20, so that a fit on the long distance might be just possible, but the metal appears to be inert for aromatization. Similarly, the A1-A1 distance in alumina is correct for adsorption although the material is catalytically inactive.
Some observations, of Kingman (1937) on the effect of promoters on molybdenum catalysts used for the hydrogenation of phenol to benzene receives an explanation in the light of the above. Kingman found that un promoted molybdenum oxide caused reduction of phenol, hence metallic molybdenum must be the catalyst. It follows th at the catalysts containing copper together with molybdenum will possess a high activity for phenol reduction, as is indeed found.
Since the mechanism of reduction of phenol does not involve adsorption of an olefine link by two-point contact, but two single links for the phenol and hydrogen respectively, we may conclude that in general an effective On the catalytic cyclization of aliphatic hydrocarbons 437 1-52A 2 06a/^" P \
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F ig u r e 1 catalyst for aromatization will be found to be a poor catalyst for the reduc tion of phenol and vice versa. This is in agreement with experiment.
E. F. G. Herington and E. K. Rideal
The products of catalytic cyclization
The variation of yield of aromatic hydrocarbons when different initial paraffins are used can be predicted on the assumption th at the mono-olefine formed as intermediary is held by two-point contact and th at the double bond can migrate rapidly to all positions in the chain, as occurs on metallic catalysts. Thus hexane, after the loss of two hydrogen atoms, can be adsorbed in any one of the configurations shown in figure 2 a, 6 , c. With six carbon atoms in the chain there are five pairs to choose from for the depicted possible adsorptions. In these only (a) can lead to ring closure, as in the other cases the ends of the chain are away from the catalyst surface. For the adsorption as in figure 2 a let the probabili react with carbon (6) to close the ring be then the total probability th a t hexane will react to form an aromatic hydrocarbon is = 0-4p. In the case of normal paraffins (CwH 2n+2), where n is greater than 9, certain central atoms can react in two ways, e.g. see figure 3 , where carbon atom I can react with 6 or 10 with 5. The probability th at the pair (5, 6) can react is there fore 2 p. If it be assumed th at links such as shown in figure 4 do not yield an aromatic hydrocarbon, the probability for the normal paraffin (CwH n+2) can be shown to be * ■ p = 2f nn 1
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For paraffins other than normal the values of P can best be calculated for each separate case, as, for example, with 2*5 dimethyl hexane (see figure 5) .
F ig u r e 5
There are (n-1) = 7 ways of choosing adjacent pairs of carbon atoms. If carbon atom 1 and 2 are attached to the catalyst, then number 1 atom can react in two ways (with 8 or 6), i.e. probability for this pair = 2p.
There are four such pairs (1.2), (2 . 7), (5 . 6), and (5 . 8) and no other cases lead to aromatization, i.e.
l-14p.
For standard conditions of operation the velocities of conversion for the different hydrocarbons investigated will be proportional to the probabilities for reaction, i.e. kx = constant x P, where h, = log10T^-. 1 -a a = fraction converted.
In table 3 are given the calculated values compared with the observed as found by Hoog et al. (1939) . The constant was taken as equal to 0*282. The agreement is satisfactory. The mean deviation for the cases where P = 0 is 3*3 %, i.e. mean deviation for all cases, is not much greater than discrepancies due to experimental error or isomerization of feed (mean deviation of all = 4 %).
The argument should be equally applicable to mono-olefine feed materials provided they are compared among themselves. The theoretical ratio of the velocity of conversion of heptene to conversion of hexene should be 0*66p /0-40p = 1-7, while in the present investigation the experimental ratio was found to be 1*8. 
E. F. G. H erington and E. K. Rideal

WITH DIFFERENT BASE MATERIALS
conversion to a ro m a tic (% ) paraffin p /p o b serv ed ca lc u lated p e n ta n e 0-00 3 0 n 7 Jhexane 0-40 20 23 2-m ethyl p e n ta n e 0-00 5 0 n -hep tan e 0-66 36 35 2-m eth y l h ex a n e 0-66 31 35 n -o cta n e 0-84 46 42 3-m ethyl h e p ta n e 0-84 35 42 2-5-dim ethyl h ex a n e 1 1 4 52 52 2-2-4-trim ethyl p e n ta n e 0-00 3 0 n -nonane 1-00 58 48
This treatm ent does not, however, account for the distribution of the different products, as can be seen from table 4. The experimental values are taken from Hoog et a l . (1939) . The formation of the arom carbon may be accompanied by isomerization. Indeed, the occurrence of isomerization would appear to be proved by an observation of Komarewsky & Coley (1941) , who report the formation of 2-6-dimethyl phenol in the cyclization of w-octyl alcohol. This product can be formed only by isomerization. n -h ex a n e benzene -1 0 0 100 n -h e p ta n e to lu en e > 9 5 100 2-m eth y l h ex an e to lu en e -1 0 0 100 n -o cta n e e th y l benzene -66 0 -xylene > 7 6 33 3-m eth y l h e p ta n e e th y l benzene 5 33 o-xylene 35 33 £>-xylene 55 33 2 -5-d im eth y l h ex a n e p -xylene -8 0 100 n -nonane n -propyl benzene -50 0 -m eth y l e th y l -7 2 50 benzene
The isomerization would appear to take place only once; for example, no trim ethyl benzene has been reported in the product from nonane. It would probably be better to replace the rule, 'the aromatics formed in the cyclization of aliphatic hydrocarbons contain the shortest possible side chain ' (Hoog et al. 1939) , by the rule, 'the main product contains one methyl group and the remaining carbon atoms in excess of six in another side chain'. The observed distribution of products may result from the preferential cracking of certain of the primary products.
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Secondary products of the reaction
If in figure 2 above, linkage occurs between carbon atom 2 and carbon 6, a five-membered ring will result which by successive dehydrogenations may yield a derivative of cyclopentadiene or fulvene.
The yellow compound in the product was identified as a fulvene by a study of the material formed by the circulation of toluene over an am monium chromo-molybdate catalyst at 475° C until the catalyst was poisoned for the formation of coloured products. The excess toluene was removed by distillation. The residue partly solidified, and was separated into three fractions by the use of ether, and methyl alcohol-water mixtures as solvents. The most insoluble fraction in ether was identified as anthracene by its melting-point and oxidation to oxanthranol. The fraction readily soluble in ether, but more insoluble in methyl alcohol-water mixtures, was found to be stilbene. The yellow constituent remained in the most soluble fraction and was contaminated with the other two hydrocarbons. This mixture gave the following reactions which have been described for fulvenes by Thiele (1900):
(1) The yellow compound was an oil.
(2) The compound was remarkably volatile in ether vapour. (3) If to the solution in acetic acid sulphuric acid was added, a white precipitate separated which became reddish brown on the adding of more sulphuric acid.
(4) Sulphuric acid alone gave a deep red substance which blackened on the addition of water.
In addition to these reactions dimethyl fulvene was prepared, and it was found th at the addition of bromine in carbon tetrachloride gave a colourless bromide which became green on the addition of concentrated sulphuric acid. The material from the circulation of toluene behaved similarly. The benzene ring of toluene must have opened and closed again to form a cyclopentadiene derivative.
The presence of stilbene and anthracene in the product from the circula tion of toluene may be readily explained if it be assumed th at toluene is adsorbed in the form shown in figure 6 . After adsorption the hydrocarbon may undergo dehydrogenation followed by dimerization. If benzene in a stream of hydrogen be passed over the catalyst no yellow product is formed, but toluene gives a yellow product and ethyl benzene produces not only an intensely yellow product, but styrene in addition. Hexane gives a yellow product. This apparent irreversibility in the case of benzene can be explained on the assumption of two-point contact.
Thus if we take the distances C-C in benzene ring as 1-33 A, C-C in side chain as 1-52 A,
we note th at in the ring there is no correct distance for initial adsorption. However, if adsorption takes place involving a side-chain carbon atom as in figure 6 , scission of the ring may follow. The product obtained normally from the aromatization of a paraffin probably contains a coloured polymer of the fulvene. If these views are correct, the concentration of yellow compound in the product should closely follow th at of the aromatic.
To measure the concentration of the yellow compound, use was made of the observation that the colour could be matched with th at of a K 2Cr0 4 solution. For convenience a chromate number (I) was defined as the cm. of 0*001 m K 2Cr0 4 solution equivalent in colour intensity to 1 cm. of the product.
Passage of heptane through the catalyst tube a t 475° C in the absence of a catalyst gave a colourless product. Table 5 shows that, as expected, the ratio IjT is constant for the passage of heptane over a reduced chromo molybdate catalyst with a contact time of 12 sec. On the catalytic cyclization of aliphatic hydrocarbons 443
P oisoning of the catalyst
The formation of reactive hydrocarbons on adjacent pairs of active centres might be expected to result in linkage of the carbon chains across from one centre to an adjacent one, thus producing a polymer which would be held by four-point contact. Repetitions of such linkage would lead to giant molecules covering the surface. An active centre may therefore either catalyse the formation of an aromatic hydrocarbon, or catalyse the forma tion of a poison, i.e.
where T = aromatic produced at any instant, t = time; i.e.
giving the variation of aromatic yield with time. Figure 7 shows that the decay curves follow this law.
F ig u r e 7. D ecay o f a c tiv ity w ith tim e ; 50-50 h ep tan e -h e p ten e feed; te m p e ra tu re 475° C; c o n ta c t tim e 12 sec. P o in ts observed, curves calculated. © Cr20 3, x vanado-phospho-m olybdate. ® chrom o-m olybdate.
Cross-linkages will be rarer the more widely spaced are the active centres. The greater the values of T0/area given in column 5, the greater the concentration of active centres and, as can be seen, the greater is This mechanism for poisoning can be tested further by the use of ' dilute ' catalysts where the complications due to the presence of different elements can be avoided.
Chromium and aluminium hydroxides were co-precipitated by the addition of ammonia to a well-stirred solution of the nitrates. The aluminium was the diluent, the chromium the catalyst. The oxides were dried a t 100° C, broken into suitable fragments, and reduced in hydrogen for 6 hr. a t the reaction temperature of 475° C. The activity was tested by measuring the conversion to toluene when heptane was passed using a contact time of 12 sec.
Since the throughputs of heptane were constant throughout, the relative activities of the catalysts, assuming the reaction is first order, can be calculated from the equation
where a = fraction of heptane converted to toluene. In figure 8 is plotted k t (the initial activities) against oq, the calculated fraction of Cr on the surface:
a^N^K N^ + N^,),
where iVCr equals the number of chromium atoms and the number of aluminium atoms in the bulk. Figure 9 shows the decay rates ( k) plotted a (Aq). Clearly k is smaller for lower initial activities.
A confirmation of the mode of poisoning is afforded by the fulvene con centrations. This substance is probably only one of many hydrocarbons which may poison the catalyst but because of its colour it can be used as an On the catalytic cyclization of aliphatic hydrocarbons 445 F ig u r e 8. I n itia l a c tiv ity a g a in st fra ctio n of ch ro m iu m on surface.
k (decay rate) x 10 F ig u r e 9. In itia l a c tiv ity ag a in st d e c a y rate.
indicator. Figure 10 gives the decay rate plotted against I\T (ratio of fulvene to toluene in product). The lower IjT (i.e. the more the fulvene is poly merized) the greater is the decay rate k. The activity kx fall values of < xx much more slowly than would be expected, while at the same time k (decay rate) decreases more rapidly than kv Alumina besides acting as a diluent causes an increase in the available area per gram of catalyst as the values 7-5 and 19-5 c.c. of C0 2 adsorbed per gram of catalyst for a = 1 and 0-5 show. This is sufficient to explain the above behaviour. 
